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Approaching the limits of two-phase boiling heat transfer: High heat flux and low superheat We demonstrate capillary fed porous copper structures capable of dissipating over 1200 W cm À2 in boiling with water as the working fluid. Demonstrated superheats for this structure are dramatically lower than those previously reported at these high heat fluxes and are extremely insensitive to heat input. We show superheats of less than 10 K at maximum dissipation and varying less than 5 K over input heat flux ranges of 1000 W cm
À2
. Fabrication of the porous copper layers using electrodeposition around a sacrificial template allows fine control of both microstructure and bulk geometry, producing structures less than 40 lm thick with active region lateral dimensions of 2 mm Â 0.3 mm. The active region is volumetrically Joule heated by passing an electric current through the porous copper bulk material. We analyze the heat transfer performance of the structures and suggest a strong influence of pore size on superheat. We compare performance of the current structure to existing wick structures. V C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4938202] Porous structures are effective in enhancement of boiling and evaporation and play an important role in a large number of thermal management and energy conversion systems. [1] [2] [3] [4] Often, these structures rely on capillary suction to deliver liquid to the phase change surface, and are ultimately limited by the competition between capillary driving force, which scales inversely with feature size, and the viscous resistance, which scales inversely with the square of feature size. 5 This competition, and the desire to operate at large wicking lengths, often limits the feature sizes that are applied in capillary fed porous structures for two-phase cooling. 2, 6 There have been a number of capillary fed structures demonstrated capable of dissipating large heat fluxes, [7] [8] [9] [10] [11] [12] [13] [14] with some (e.g., Refs. 8 and 10) approaching or exceeding 1 kW cm À2 . However, the latter structures exhibit large superheat exceeding 75 K. Often these structures operate in a boiling regime. Systems may combine fine scale features for enhanced capillary suction and coarser features for liquid transport. 15, 16 A variety of approaches have been applied to achieve the required microstructural control, including advanced particle processing techniques 8, 13 and microfabrication. 10, 12 Electrodeposition around a template presents a particularly interesting approach for controlling microstructure in highly thermally conductive materials. This method has been applied to form porous structures with extremely regular pore geometries for applications such as photonics. [17] [18] [19] Here, we apply an electrodeposition approach to generate finely porous copper structures for use in boiling heat transfer with similar or higher heat dissipation at substantially lower superheat than the best performing wicks to date in terms of heat dissipation, albeit with short liquid transport lengths.
In this letter, we demonstrate heat dissipation exceeding 1200 W cm À2 by boiling water from volumetrically Joule heated porous copper structures using a passive capillary feed. Of particular interest, superheats displayed by this system are low (<10 K at 1200 W cm
) and remarkably insensitive to heat flux (varying by <5 K over 1000 W cm À2 ). We apply templated electrodeposition to define these thin (<40 lm) porous structures, which have finely controlled microstructure including small, uniform pores (5 lm), over 2 mm Â 0.3 mm active areas. Fig. 1 shows a schematic (a) of the experimental configuration and the geometry of the porous copper sample used (b). The active region is volumetrically self-heated by passing a current through it, and its temperature is determined from the calibrated resistance of the porous copper. The electrical measurement setup is described fully in the supplementary material document. 20 A high permeability cellulose wick supplies the active region with room temperature liquid water by capillary action from a pool beneath the sample. Water boils in the porous copper, with vapor escaping to the ambient atmosphere. Condensate is prevented from flooding the active region by a second cellulose wick positioned above.
Small-scale heat transfer experiments with high heat fluxes are generally challenging due to the influence of conductive heat spreading. We minimize this effect here by the use of glass substrates with relatively low thermal conductivity ($1 W m À1 K
À1
) upon which the active region is formed and by the direct application of heat to the active region by volumetric electrical resistance heating. We have characterized the effects of parasitic conduction in the system, and found them to be small as discussed later and in the supplementary material. 20 The porous active region is formed by electrodeposition of copper. We use randomly packed, monodisperse polystyrene spheres as a sacrificial template to pattern the pore spaces of the copper, as described previously. 21 Fig. 1(c ).
21,24
The shape of the working electrode driving electrodeposition defines the lateral dimensions of the porous layer. The amount of applied charge determines thickness. We use gold evaporation and a contact mask to pattern a thin (e.g., 50 nm) gold film working electrode in the desired shape of the porous copper region. As shown in Fig. 1(b) , in addition to the narrow (2 mm Â 0.3 mm) active region, the porous copper layer forms large contact pads on either side of the heated area to allow supply of current to and measurement of voltage across the active region. These pads are large enough ($13 times wider than the active region) to contribute negligibly to overall resistance and minimize heating outside the active region. Fig. 1(d) shows length-averaged active region cross-sections obtained by profilometry of three samples for which heat transfer measurements were performed.
The active regions provide electrical resistances of tens of milliohm (e.g., 20 mX) depending on the specific cross section. We used electrical resistance thermometry to determine active region temperature with a four-point measurement and using the active region itself as the resistive element. The measured temperature thus represents an average value based on the net electrical resistance of the active region. Before heat transfer characterization, we calibrated active region resistances of each sample under controlled, uniform temperature conditions (see supplementary material 20 ) and found them to obey a highly linear relationship with a temperature coefficient of resistivity of (3.857 6 0.002) Â 10 À3 K
À1
, similar to that reported for bulk Cu. 25 We note that copper has frequently been applied in resistance thermometry 26 displaying high accuracy. 27 Systematic errors for both active region temperature and power dissipation measurements during heat transfer experiments were estimated to be 1%. Fig. 2 summarizes measurements of area power density dissipated in the porous copper layer for three separate samples (diamonds, triangles, and squares) versus active region temperature. More than 1200 W cm À2 (in addition to heat loss due to conduction) can be dissipated by boiling with passive capillary feed at a superheat of <10 K ($110 C bridge temperature) for the best performing sample. Superheat for all samples are <13 K at maximum dissipation. Fig. 2 shows data for operation of the active region with steady current supply. We exclude measurements taken during variation of heating current, defined as transients exceeding 5 mA s À1 and a 5 s settling period following the end of the transient. We determined parasitic heat losses not due to boiling using separate dry measurements for one porous copper sample (see supplementary material 20 ). The latter experiment shows that parasitic heat losses account for $110 W cm À2 at maximum active region temperature ($113 C). The dry measurements correspond closely to the wet counterparts at temperatures below those where boiling occurs, indicating that conduction likely dominates heat dissipation for the wetted porous copper at power densities below about 85 W cm
À2
. We observe vigorous boiling at the active region corresponding to the dramatic increase in heat dissipation along with a distinct acoustic signature (data not shown) and violent ejection of liquid (Fig. 2  inset) . These observations are consistent with experiments 7, 28 and models 2, 29 characterizing the formation and growth of vapor bubbles within the porous structure and their subsequent escape comprising the boiling process in porous media.
The maximum heat flux observed for the porous samples is consistent with a partial loss of cooling and, eventually, burnout due to the volumetric self-heating. Maximum heat fluxes corrected for parasitic losses, q 00 corr max , show substantial variation between the samples measured ($60% of the mean). This variation is partially accounted for by the differences in thickness of the active regions of the three samples. Critical volume power density corrected for parasitic conduction and normalized by the mean active region thickness, q 000 corr max , shows a significantly smaller range (<30% of average) than critical heat flux for the samples considered (see supplementary material 20 ). The remainder of variability in heat dissipation is likely due to differences in microstructure of the active region resulting from processing variability and the random nature of the structure. The thickness of the porous copper active region (<40 lm) is less than 8 times the characteristic microstructural feature size (5 lm). We therefore expect significant intrinsic local variability in both electrical and fluidic transport properties of the structure, resulting in variation of the heat density, which can be dissipated without local cooling failure.
Maximum supported heat flux in capillary fed systems is commonly determined by liquid supply limitations. 2 The short transport length of the active region here (nominally 150 lm due to recycling of the condensate at the top of the sample) alleviates this capillary transport limitation and allows dissipation of extremely high heat fluxes. We also note that some portion of the active region may be covered by a contiguous liquid film which could aid in liquid transport (though this is difficult to quantify). The maximum pressure drop due to flow through the porous bulk from the edge to centerline of the active region can be estimated as
where l is liquid dynamic viscosity, j is intrinsic permeability of the porous copper, j rl is relative permeability for the liquid phase due to partial vapor saturation of the structure, h fg is heat of vaporization, q is liquid density, and L is effective wicking length, set here to 150 lm. Here we have assumed spatially uniform vaporization throughout the structure. We can expect partial dryout when this pressure drop exceeds the capillary suction available from the porous structure as determined by the pore diameter. For the mean critical volumetric power dissipation observed, q 30 equating capillary suction and maximum viscous pressure drop gives mean relative liquid permeabilities of 0.1 for negligible water/copper contact angle or 0.3 for a higher contact angle (72 ) as reported for the water/copper system at elevated temperature (101 C). 31 We hypothesize that these reduced apparent liquid permeabilities may be the result of steady state vapor saturation of the structure and/or transient generation of bubbles in various pores during boiling.
After boiling is initiated, the system shows very low differential thermal resistance, dT/dq 00 corr , where T is the measured active region temperature, and q 00 corr is the corrected heat flux referenced to the active region base area. For example, the best performing sample shows a superheat of less than 10 K at maximum dissipation (>1200 W cm À2 in addition to conductive losses), with superheat varying less than 5 K over a range of input heat fluxes exceeding 1000 W cm
. We attribute the observed superheat behavior primarily to three effects strongly related to feature size of the structure: confinement of vapor bubbles, capillary suction in the liquid phase, and conduction through thin liquid films.
One mechanism likely to significantly influence superheat is the capillary pressure in nucleating vapor bubbles due to confinement within the porous structure. 2 Consider that the characteristic diameter of the spherical pores (5 lm) in the copper layer may correspond to a capillary pressure in a vapor bubble with a similar diameter in water at 110 C of about 45.4 kPa. This elevation of the vapor pressure results in an effective superheat (an increase in saturation temperature) of 11 K, for a pressure in the surrounding liquid equal to ambient (101 kPa). In our experiments, we found that significant boiling occurs below this value for superheat (e.g., 5-6 K). We hypothesize that this discrepancy may be due to variability in the size of the template spheres and the reduction in curvature of the liquid vapor interface allowed by the necks connecting adjacent pores. In any case, the confinement effect of the porous structure should operate at all heat fluxes higher than that required for boiling, and should provide a relatively constant offset between vapor pressure in bubbles and pressure in the surrounding liquid.
Unlike the geometry-driven confinement contribution, the liquid pressure is condition dependent and non-uniform throughout the porous structure. Liquid pressure everywhere in the structure should be at or below ambient due to the viscous losses associated with flow through the wick. This reduction in liquid pressure should decrease the absolute pressure within vapor bubbles and consequently lower the saturation temperature, i.e., viscous losses should partially counteract the confinement effect of the porous structure and reduce the superheat associated with it. Global liquid flow rate and corresponding viscous pressure loss scales with dissipated heat flux. In the supplementary material, 20 we present a brief analysis of the estimated coupled, non-uniform effects of capillary suction, viscous losses, and bubble capillary pressures. This simple analysis suggests a dependence of mean vapor pressure inside bubbles, p vap bub , within the porous structure given by
where p amb is the ambient pressure, r pore is the pore radius, and h is the water/copper contact angle. The corresponding estimated reductions in confinement associated superheat are 2-7 K, depending on water/copper contact angle as previously discussed.
The coupled mechanisms discussed earlier affect the vapor pressure at evaporating surfaces and corresponding saturation temperature. The last mechanism we consider here is thermal resistance due to conduction from the surface of the self-heated copper structure to the evaporating surface. The temperature difference associated with this conduction also contributes to observed global superheat values. Conduction resistance in thin evaporating liquid films has been extensively analyzed and shown to be an important component of observed superheat, e.g., for individual menisci on heated surfaces 32 and boiling in porous layers. 29 We here present a brief order of magnitude estimate of this effect. We consider an effective liquid film thickness for the entire internal surface. This idealized film encompasses the effects of all transients and spatial variations of the liquid/vapor distribution. The observed thermal resistance (referenced to the active region base area) resulting from conduction through a planar film of effective thickness, d film , is then DT Dq 00
where, k liq is the thermal conductivity of water (0.68 W m À1 K À1 at 110 C), 30 and A base and A act are the projected base area and active internal surface area of the structure, respectively. The radius of the pores (2.5 lm) in the structure provides a maximum upper bound for d film . The observed differential thermal resistance of the structures at high heat fluxes (e.g., 0.003 K cm 2 W
À1
) then suggests an area enhancement A act /A base less than 12 for an idealized film approximated as planar. This enhancement represents about 0.5 of the internal surface area available from a 35 lm thick porous layer with 60% porosity (potential area enhancement >25 times). Actual films in the structure during boiling must be substantially less than the 2.5 lm upper bound due to finite vapor saturation. This implies that the actual internal surface area participating in boiling may be significantly less than 0.5, with the remainder likely inactive due to heterogeneous and transient phase distribution. Fig. 3 shows a comparison of the current work with a selection of published studies. We compare heat flux dissipation corrected for parasitic losses, q 00 corr , versus temperature for our structure to data reported recently for capillary fed structures operating with water in boiling/ evaporation. [7] [8] [9] [10] 12, 14 Structures have been demonstrated which dissipate heat fluxes comparable with those reported here, but generally at significantly higher superheats. 8, 10 There are a variety of reasons for this difference. The structures from literature shown in Fig. 3 all have significantly larger lateral extents than the current system, and these are heated from beneath (sometimes through a thermal interface material). In some cases, 9,10,12 the effect of conductive spreading may reduce the heat flux at the base of the porous structure below the (higher) reported value. Those structures exhibiting large superheat at high heat flux or significant changes in slope for heat flux versus temperature 8,10,11 likely suffer from partial dryout. The current system seems to avoid these effects, and this is likely a result of both our short transport length and the effects of porous structure discussed earlier. We note that structures with larger transport lengths generally also rely on larger feature sizes to increase permeability, 8, 10, 11, 33 and this has significant effects on superheat. Conversely, fine featured (9 lm) structures have been microfabricated that show comparable superheats with the current structures at lower maximum heat flux. 12 In conclusion, we here report a thin electrodeposited porous copper wick that demonstrates the ability to dissipate high heat fluxes (>1200 W cm . The data suggest that fine feature sizes facilitate the excellent superheat performance but incur a significant penalty in terms of permeability, and this limits the length scales over which these structures can operate. The performance demonstrated is most directly applicable to the cooling of hot spots with extreme heat fluxes such as those encountered in radio frequency amplification, laser diode, and microelectronic applications. 34 However, the extension of this heat transfer performance to larger areas and transport lengths will likely require the implementation of hierarchical liquid distribution schemes to circumvent the fluidic limitations of the fine featured structures. One attractive option may be three-dimensional manifolding. 35 Unlike two-dimensional schemes (such as transport "arteries" 11 ), three-dimensional flow supplies have potential to avoid the sacrifice of heat dissipation area and/or exposure of inlet liquid channels to high heat fluxes. These cooling applications would generally entail heating from the substrate supporting the porous structure in contrast to the volumetric heating demonstrated here. However, the high thermal conductivity (170 W m À1 K
) of the porous copper and the minimal thermal contact resistance facilitated by the electrodeposition fabrication process allow effective application to substrate heated applications (e.g., with conduction across a 40 lm thick porous layer dissipating 1 kW cm À2 accounting for $1 K temperature change). opinions, and/or findings contained in this article are those of the authors and should not be interpreted as representing the official views or policies, either expressed or implied of the Defense Advanced Research Projects Agency or Department of Defense. Part of this work was performed at the Stanford Nano Shared Facilities (SNSF).
